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ABSTRACT
The convective heat transfer coefficient of coal water 
slurry flowing turbulently in a horizontal heated pipe was 
measured. The values of heat transfer coefficients from 
different slurry concentrations and flow rates were 
correlated using two approaches: the Dittus-Boelter type 
equation, and an analogy between heat and momentum transfer 
using Metzner and Friend equation.
The heat transfer data were taken in a 100 inches long, 
1/2 inch inside diameter horizontal stainless steel pipe. 
The pipe was electrically heated with a DC power supply 
unit. Temperature measurements were taken using 
Copper/Constantan thermocouples embedded into the pipe wall 
while pressure drop was measured by a U-tube mercury 
manometer. The rheological properties of the slurries were 
measured with a Haake RV 100 rotational viscometer. The 
slurries were prepared using Beulah coal (North Dakota) with 
a mean particle diameter of 43 microns and Rosebud coal 
(Wyoming) with a mean particle diameter of 52 microns. The 
coal water slurry concentration ranged between 10.8 percent 
to 52.8 percent (by weight) while the flow rate ranged 
between 20 to 53 lb per minute.
The rheogram of the slurries indicated the existence of 
non-Newtonian behavior. The rheological behavior of the 
slurries were analyzed using the Power Law and the Yield
IX
Power Law models. The resulting fluid behavior and fluid 
consistency indices were used to calculate modified Reynolds 
and Prandtl numbers. In addition, an empirical equation was 
also used to estimate slurry viscosity from the viscosity of 
water and solid content. These dimensionless numbers were 
then used to correlate the heat transfer data represented as 
dimensionless Nusselt number in Dittus-Boelter equation, and 
Stanton number in Metzner and Friend equation.
The dimensional approach using the Power law model for 
calculating Prandtl and Reynold numbers resulted in the 
following correlation for heat transfer during slurry flow:
0.4 0.90 
(Nu/Pr' ) = 0.023 ( Re')
A similar correlation was developed when the Yield Power law 
model was used. The above correlation is recommended, 
because of its simplicity and because both the correlations 
were found to be of similar accuracy. However, the Metzner 
and Friend correlation was found to be much less accurate. 
Our data indicated wide scatter in the B-factor in the 
Metzner and Friend correlation and did not show the expected 
exponential relationship with the Prandtl number.
x
Chapter I
INTRODUCTION
The potential of coal as an energy source has driven the 
investigation of its handling and transportation. Recently, 
coal water slurries have been proposed for use as liquid 
fuels in industries and power generating plants. Slurrying 
coal with a non-combustible liquid vehicle obviously reduces 
the energy density. However, slurrying is expected to 
increase the value of coal as an energy source because of 
increased reliability in its transportation and handling. 
Coarse coal particle suspensions are generally used in 
pipeline transport, while suspension of smaller sized 
particle are more often used as feed to processes such as 
combustion, catalytic reaction and fluidization. In such 
cases knowledge of the convective heat transfer coefficient 
is very important.
The problems involved in the study of heat transfer in 
solid liquid systems mainly consist of: settling 
characteristics, flow behavior, and prediction of physical 
properties. The present work was undertaken to investigate 
convective heat transfer in coal water slurries and to 
examine the applicability of general heat transfer 
correlations developed for common fluids to such solid- 
liquid systems.
1
2There are two general approaches available for 
correlating heat transfer coefficients of fluids. The first 
approach is based on fluid flow properties and heat transfer 
properties of the material while the second approach uses 
the analogy between heat and momentum transfer. An 
important objective of the present work is to determine the 
suitability of either approach for heat transfer in 
slurries.
Chapter II
THEORY
The convective heat transfer coefficient depends on the 
type of flow as well as on relevant physical properties of 
the fluid, especially rheological properties. Consideration 
must also be given to the possible flow patterns that may 
occur at different flow rates in the two phase solid liquid 
system. In a suspension of fine coals, flow patterns that 
may occur are: homogeneous, heterogeneous, saltation, and 
flow with a stationary bed (1) . Handling a slurry with a 
low to moderate solid concentration, especially a slurry 
that exhibits rapid settling characteristics, using of 
highly turbulent flow is recommended to avoid forming a 
solid bed at the bottom of the pipe and to guarantee 
homogeneity of solid particles in the pipe.
During 
experiences 
stream line 
a buffer or
turbulent fluid flow, although the core 
turbulent motion, but near the wall film or 
flow prevails, and between the core and the wall 
intermediate layer exists.
Number in parentheses that are underlined refer to 
references cited at the end of this report.
3
4Heat entering the pipe must be conducted through the 
film and into the buffer layer. In the buffer layer heat is 
both conducted and transferred by mechanical mixing into the 
turbulent core. These differing heat transfer mechanisms 
in the various zones point out the influence of various 
parameters on the fluid heat transfer coefficient h. 
Because heat must be conducted through the liquid film near 
the wall, the thermal conductivity k of the liquid will be 
a factor. The film thickness will depend upon the fluid 
velocity V, its viscosity u, and density R, and the pipe 
diameter D. Hence these factor must be considered. In 
addition, since heat is being transferred, the heat capacity 
Cp, affects the bulk temperature of the stream and must also 
be considered. Treatment of these factors using the 
principles of dimensional analysis results in the following 
relationship between Nusselt Number hD/k, Reynolds Number 
DVR/u, and Prandtl Number Cpu/k:
b c
hD/k = a (DVR/u) (Cpu/k) (1)
In the above equation a, b, and c are dimensionless 
constants whose values can be determined experimentally. 
Dittus and Boelter (2^ 3^) , who developed the above empirical 
equation, determined the value of the constant a to be 0.023 
and b was determined to be 0.8. The value of the parameter 
c depends on whether the fluid was being heated or cooled 
and was found to be 0.4 if the liquid is being heated, and 
0.3 if the liquid is being cooled.
5An important property involved in these dimensionless 
groups is the viscosity of the fluid u. Most coal-water 
slurries, because of the interaction between particles, 
exhibit non-Newtonian behavior. This requires additional 
experimentation, using viscometric data, to determine the 
rheological behavior of the slurry. One of the simplest and 
most practical rheological models for non-Newtonian fluids 
is the Power Law Model which relates the shear stress to the 
shear rate as follows :
n
x = X ( r ) (2)
where \ is the consistency index which measures the
"thickness" of the fluid and n is known as flow behavior 
index which indicates deviation from Newtonian behavior. 
As a consequence of this non-Newtonian characteristic, the 
relationship for the heat transfer coefficient expressed by 
Equation (1) must be rewritten in terms of modified Reynolds 
number Re', and modified Prandtl number, Pr', as follows:
b' c ’
(hD/k) = a' (Re' ) (Pr' ) (3)
The modifications in defining Reynolds and Prandtl numbers, 
required for non-Newtonian fluids, arise from the new 
"definition" of viscosity. The modified dimensionless 
numbers became :
n 2-n
Re' = D V R / X (4)
Pr'
n-1 n-1
V x Cp / D k (5)
6In addition to viscometric data, viscosity of a slurry
may also be estimated using empirical equations that
represent relative viscosity of the slurry to the suspending
medium as a function of the slurry solid concentration.
Many expressions for the relative viscosity u , have beenr
proposed with the functional form :
u /u = u (C) (6)
s i  r
The first attempt in correlating such a correlation was made 
by Einstein (_4) for rigid neutral ly-buoyant spheres, 
suspended in an incompressible Newtonian fluid. The 
suspended particles are present in such low concentrations 
that interactions among the particles may be neglected. The 
proposed empirical correlation for dilute slurries is :
u = 1 + 2.5 C (7)
r
Using a much wider range of suspension concentration, Thomas 
(_4) proposed the following empirical correlation for a coal 
water slurry :
2 16.6C
u = 1 + 2.5 C + 10.05 C + 0.00273 e (8)
r
where C is the volume fraction of solids. Other 
correlations have been proposed; however, Hasan and Baria 
(5J found the Thomas correlation to be quite simple and yet 
very accurate.
The Analogy betwen Momentum and Heat Transfer
According to the Reynold's analogy (§) , the movement of
7heat between a surface and a fluid follows the same laws as 
the movement of momentum between the surface and a fluid, 
whether by conduction or by convection. This suggests a 
relation between heat transfer coeficient and friction 
factor. When turbulent flow occurs in circular tubes, 
momentum is transfered between layers of fluid. This 
momentum transfer manifests itself as frictional resistance, 
and at the wall of the tube it is expressed as shear stress 
at the wall. Heat transfer during turbulent flow occurs 
because of a temperature difference between the wall and the 
fluid. So knowledge of temperature and velocity profile 
along the pipe will be needed to determine the heat transfer 
coefficient.
Martinelli (1) , using a Prandtl velocity distribution in 
turbulent flow , developed a theoretical equation for an 
analogy between heat and momentum transfer for the case of 
uniform heat flux in the pipe. His equation was then 
refined by Reichardt (£^ ,9^ ) t taking into account the 
variation of eddy diffusivity with distance from the wall, 
within the laminar sub-layer region. The resulting general 
equation of Reichardt that relates dimensionless Stanton 
number Nst, friction factor f, and Prandtl number is :
h f/2 ( (J)m / -©m )
Nst (9)
0.5
Cp G 1 + ( Pr - 1 ) 4>m (f/2) (B)
where, G is the fluid mass flux, ©m = (Tb-Tw)/ (Tc-Tw) is the
8dimensionless temperature difference, and (J)m = V/U is the
ratio of the mean to maximum velocity. The B factor , in
the above equation depends on the fraction of the total heat
transferred through the wall which is conducted by molecular
motion. This fraction has a value of unity at the pipe
wall. Away from the wall into the turbulent core, this
value will decrease at a rate that depends on the Prandtl
number. The quantities -0m and (})m are terms of secondary
importance, both being close to unity. The ratio of the
mean to maximum velocities, (})m increases slightly with the
Reynolds number, varying from 0.78 to 0.84 over the usual
4 6
range encountered, 10 to 10 (1_0_) . The dimensionless
temperature difference parameter, -©-m, increases with both 
increasing Reynolds number and Prandtl number,
asymptotically approaching a value of unity for high Prandtl 
numbers. For Prandtl numbers much less than unity -0m 
changes rapidly with both the Reynolds and Prandtl numbers 
and can no longer be treated as a second order parameter. 
Thus with the exception of the region of low Prandtl 
numbers, the major problem in turbulent heat transfer is one 
of evaluating the Reichardt B function in Equation (9). 
Metzner and Friend (8j concluded that B is a single-valued 
function of the Prandtl number and is independent of the
bulk stream flow or Reynold number. They developed the
necessary condition for this conclusion as follow :
2 5
(Pr) (Re) (f) > 5 x 10 (10)
9This leads to the minimum allowable value of Pr > 0.60 for a
4
Reynolds number of 10 . Similar analysis by Reichardt using 
less severe restrictions gave :
(Pr)(Re) > 2500 (11)
4
which requires Pr > 0.60 for Reynolds number of 10 .
Metzner and Friend (_11) , using the theoretical work of 
Reichardt, extended the correlation to non-Newtonian fluids. 
To develop the correlation, they assumed that the shear 
stress and heat flux are both linear functions of radial 
position within the tube, that the eddy diffusivities for 
heat transfer and momentum transfer are equal, and that the 
fluid properties are independent of temperature. They also 
determined the value of -©m to be unity and cj)m to be equal to 
1/1.2 under turbulent conditions, while the B factor is to 
be determined experimentally in the absence of eddy 
diffusifity data close to the wall. The semi empirical 
correlation proposed by Metzner and Friend is discussed in 
detail in the next Chapter on Literature Survey.
Chapter III
LITERATURE SURVEY
A number of investigators have studied heat transfer in 
non-Newtonian turbulent flow (12). Most of the correlations 
were developed using the dimensional approach to analyze 
heat transfer coefficient data. The correlations are 
basically modified forms of the standard Dittus-Boe1ter 
equation . The differences in these correlations arise from 
the method used to predict the "viscosity" of the slurry. 
Slurry viscosity may be expressed either as a relative 
viscosity between the mixture and the suspending fluid which 
is a function of solid loading (or volume fraction) in the 
mixture, or as a function of the rheological indices from 
experimental viscometric data.
Orr and DallaValle (_L3) correlated the heat transfer 
data for aqueous chalk slurries using the Dittus-BoeIter 
equation and Sieder-Tate correction factor to account for 
the temperature-sensitive viscosity of the slurry at the 
wall, in the following equation :
0.8 1/3 0.14
hD/k = 0.027 (DVR/u) (Cp u /k ) (u /u ) (12)
s s s 1 w
where the density and heat capacity of the slurry was taken
as the weighted average of the slurry components. Orr and
DallaValle used Tareef' s equation (_14J to estimate thermal
10
11
conductivity of the slurry, and viscosity was obtained by 
the following empirical equation :
u
1u = ---------------- (13)
s 1.8
1 - ( x /x ) 
v vb
where x is the volume fraction of solid particle in the 
v
bulk flow and x is the solid volume fraction in a
vb
sedimented suspension or bed.
Thomas (1J5) studied heat transfer of thorium oxides 
slurries in turbulent flow, and found the slurries to behave 
as Bingham plastics. An expression for the heat transfer 
coefficient fitted to their experimental data is :
2/3 0.14 -0.2
(h/CpRV)(Cp u/k ) (u /u) = 0.027 (DVR/u) (14)
s w
Heat transfer in Power Law fluids was studied by Clapp 
(1_6) , using.fluids with indices of viscosity between 0.698 
and 0.786, and Reynolds number between 5480 and 29200. The 
experimental results were correlated by the empirical 
equation:
0.99 0.4
Nu = 0.0041 (Re') (Pr') (15)
with a maximum deviation of -4.5 percent. An alternative
empirical relationship, including the index of viscosity as
variable, was also proposed :
0.8(l-l/nn ) 0.8/n11 0.4Nu = 0.023 (9350) (Re') (Pr') (16)
12
which correlated experimental results with maximum deviation 
between - 4.5 and 2.0 percent.
As mentioned in the previous chapter, the other approach 
for predicting heat transfer coefficient relies on the 
analogy between heat and momentum transfer. This method 
enables one to predict the heat transfer coefficient from 
pressure drop data. The first extensive study of the heat 
and momentum transfer analogy in turbulent non-Newtonian 
fluid was conducted by Metzner and Friend (8^ ,9^ ) , using corn 
syrup, molasses, linseeds oil, heating oil and some 
polymeric slurries. As suggested by the analysis presented 
in Chapter II, Metzner and Friend attempted to correlate 
the B-factor in Equation (9) with Prandtl number. Their 
data suggested an exponential relationship between B and 
Prandtl number and they determined the following functional 
relationship :
Using this relationship for the B factor in Equation (9), 
Metzner and Friend (1_1) arrived at the following correlation 
for heat transfer in non-Newtonian fluids :
-0.33
B = 11.8 (Pr) (17)
f/2
Nst (18)0.5 -0.33
1.20 + 11.8 (f/2) (Pr-1) (Pr)
where friction factor f, is determined as a function of 
fluid rheological properties. Equation (18) correlated
13
their experimental data with a standard deviation of 23.6 
percent for non - Newtonian fluids, compared with 9.4 
percent for Newtonian fluids.
Using the momentum transfer analogy to predict heat 
transfer requires an accurate value of the friction factor 
as indicated by Equation (18). Friction factor may be 
calculated from pressure drop data as follows :2
f = 1/2 ( D / R V ) ( AP/ L ) (19)
Measuring pressure drop in solid suspension systems is 
an often difficult and inaccurate process because of phase 
separation. During low velocity slurry flow, particles tend 
to settle adjacent to the pipe wall causing an increase in 
pressure drop. Even if high velocity is maintained to avoid 
settling, accumulation of fine particles can not be avoided 
easily. In general, therefore, the friction factor-pressure 
drop relationship for slurries may be different from that 
for the liquid vehicle itself, pointing out the difficulties 
in using the analogy between heat and momentum transfer.
A number of correlations are available to predict the 
friction factor in coal water slurry flow (1/7) at various 
possible flow regimes. Using of these correlations 
generally require knowledge of the settling characteristics 
of the coarse particles and the drag force on these 
particles in the suspending medium. One of the simplest, 
and quite accurate correlations was proposed by Newitt (18)
14
relates dimensionless pressure gradient to solid 
concentration C, and ratio of solid specific gravity to 
water specific gravity s, in the following equation :
1 - 1
0.6 ( s - 1 (2 0 :
i C 
1
In Equation (20), the pressure gradient of the slurry is 
represented by i whereas that for the carrier fluid is
represented by i .
1
The brief survey of literature presented here emphasizes 
the two common approaches for correlating heat transfer 
data; the dimensional approach and the approach utilizing 
the analogy between heat and momentum transfer. The
dimensional approach appears to give better correlations, 
and has been tested using a variety of non-Newtonian fluids. 
On the other hand the use of heat and momentum transfer 
analogy, due to its complexity and simplifying asumptions, 
only gives fair agreement with experimental data. The
application of both approaches points out the importance of 
fluid rheological behavior and thermal properties in the 
development of such correlations.
The present study on heat transfer in coal water slurry 
flow uses both approaches presented in this section and 
attempts to determine the suitability of each approach.
EQUIPMENT AND EXPERIMENTAL PROCEDURE
The experimental work consisted of gathering heat 
transfer data from an existing horizontal flow loop (1_9) . 
The loop was modified for the present work. A description 
of the flow loop will be presented in this section along 
with experimental procedure.
Heat Transfer Loop: The heat transfer loop consisted of 
an electrically heated tube section, a slurry storage tank 
with a heat exchange coil, electronic temperature sensing 
elements, a manometer and a pump. A photograph of the 
entire experimental apparatus is shown in Figure 1 and the 
schematic diagram can be found in Figure 2. Slurry from the 
storage tank is pumped through the test section where the 
slurry is heated. The heated slurry then goes back to the 
storage tank through a three-way valve. The heat exchanger 
in the tank removes the energy from the slurry thereby 
maintaining a steady-state system. The three-way valve was 
used to divert the slurry to a weigh tank for flow rate 
measurement.
The loop has been modified by replacing the previous 
Platinum Resistance Temperature Detectors (RTD) mounted on 
the outside tube wall with Copper/Constantan thermocouples
Chapter IV
15
16
Figure 1: Experimental Set-Up
17
DESCRIPTION :
1. Stainless Steel insulated pipe
Inside diameter =0.4 inch; length = 100 inch.
2. Slurry Tank
3. Pump
4. Cooling Water (CW) Coil
5. DC Power Supply
3 units connected in paralel
6. U-Tube Mercury Manometer
7. Thermocouple Probe (TC)
embedded in five different locations along the pipe
Figure 2: Experimental Set-Up Diagram
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embedded into the pipe wall. The inside wall temperatures 
predicted from the RTD readings of the outside wall 
temperatures were not very accurate. In addition, the RTD 
sensing elements which were glued to the outside tube wall 
by thermo-setting epoxy were not strong enough to withstand 
mechanical vibration experienced during experiments.
Temperature Measurement: Temperature was measured using 
Copper/Constantan thermocouples. These were embedded at 5 
different locations along the pipe and held in place using a 
high temperature resistance epoxy. An attempt was made to
make all of the thermocouples embedded to the same length
into the pipe wall. In a few cases, the arrangement
described above caused leaking during experiments due to the 
epoxy glue failure. In such cases the equipment was turned 
off and the epoxy was replaced immediately. In addition to 
the wall temperature, fluid bulk temperature was also 
measured using similar thermocouples immersed into the pipe 
before and after the test section. All of the thermocouple 
were calibrated at room temperature and gave the same
reading on a Omega type-K, Model 650 - KE - DDSS readout 
unit.
Heated Tube section: The test section is constructed of 
a stainless steel Type 304 pipe. It was 8.3 feet long and 
its inside diameter was 0.4 inch. It is heated electrically 
by a DC power supply using the metal pipe as a resistance 
heater. This ensures a constant heat flux throughout the
19
test section . The power supply unit consists of 3 Kepco
Model 20280 DC power supply. The heating unit can provide
up to 6000 Watts of power. A mercury manometer was
connected to pressure taps on both ends of the heated
section to measure the pressure drop accros the heated
section.
Slurry Storage Tank and Heat Exchange Coil: The slurry 
storage tank held approximately 6 gallons of slurry. The 
outlet of the tank was kept below the surface of the slurry 
to avoid introducing air into the system. The slurry in the 
tank was agitated by recirculating it through the bypass 
loop. The heat exchange coil consisted of about forty feet 
of copper tubing having an inside diameter of 1/2 inch. 
This tubing was coiled and positioned inside the storage 
tank. The slurry coming from the heated pipe was cooled by 
passing tap water through the copper tube. The flow rate of 
the cooling water was controlled manually by a ball valve on 
the inlet of the coil.
Pump: The pump used initially was an existing Blackmer 
Model LGL 1-1/2 rotary pump, originally designed to pump 
liquified petroleum gas or liquid ammonia. During 
experiments with coal-water slurry, the pump's vane failed 
repeatedly. This led to the replacement of the pump by a 
Gorman-Rupp centrifugal pump, designed as a trash pump. 
This pump was found satisfactory for the duration of this 
investigation.
20
Experimental Procedure
The experiments were carried out using 2 different types 
of coal from the Larson Mine near Beulah, North Dakota, and 
Cohasset Mine near Rosebud, Wyoming. The coal proximate 
analysis are given in Table 1. The slurry was prepared in a 
small mixing tank with the help of motor driven agitator, 
before transferrring it into the slurry tank in the loop. 
The solid content of slurries were varied between 10 percent 
to 50 percent (by weight) and up to 8 different flow rates, 
between 0.44 to 0.83 lb/second, were used. The matrix of 
experiment are reported in Table 2.
The temperature data were taken after the system has 
reached a steady state condition as evidenced by steady 
readings given by all thermocouples for at least 15 minutes. 
Steady state was achieved by adjusting the flow rate of the 
tap water through the cooling coil in the storage tank, so 
that the inlet and outlet bulk temperatures were maintained 
at a constant value. The wall temperature data, along with 
the inlet and outlet bulk temperatures, are used to 
calculate individual heat transfer coefficients along the 
pipe using the following heat balance equation :
M Cp ( To - Ti ) = h A ( Tw - Tbw ) (21)
The bulk temperature Tbw, at any location along the pipe, is 
estimated by assuming linear variation in the bulk fluid 
temperature between the test section inlet and outlet. The 
value of h gathered from all locations were then averaged to
21
Table 1 Coal Analysis
Beulah Coal 
( BEU )
Rosebud Coal 
( RSB )
Moisture Content ( wt % ) 17.50 19.06
Volatile Matter ( wt % ) 35.43 32.74
Density (lb/cuft) 76.80 89.90
Mean Particle diam. (micron) 43 52
Table 2 Experimental Matrix
Fluid system Concentration 
( wt% )
Flow rate range 
( lb/min. )
No. of runs
Beulah Coal:
BEU-1 10.83 38.6 - 49.6 6
BEU-2 26.75 20.2 - 52.9 8
BEU-3 37.20 33.3 - 47.4 8
BEU-4 46.90 34.2 - 46.1 6
Rosebud Coal:
RSB-1 26.18 29.2 - 44.5 5
RSB-2 42.60 33.2 - 53.4 6
RSB-3 52.84 26.3 - 46.4 5
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give the average apparent heat transfer coefficient. To 
avoid erroneous conclusions caused by faulty data, any data 
for which the heat balance calculations did not agree within 
10 percent of the power output was discarded. The power 
output was determined by measuring the voltage drop across 
the heated section, and the current across the power 
supply's internal shunt.
Along with the wall temperature data, pressure drop and 
flow rate data were also gathered. Pressure drop data were 
taken using a U-tube mercury manometer mounted vertically 
upward at each end of the horizontal pipe. The flow rate 
data were taken by weighing the fluid collected in a given 
time interval. The experimentally calculated friction 
factors were used along with other physical properties to 
examine the relationship between friction factor and the 
heat transfer coefficient. Rheological measurements were 
taken at each slurry concentration, using a Haake RV 100 
rotational viscometer, at average actual experimental 
temperatures.
To assure the validity of the data gathered, heat 
transfer measurements for water were also carried out. Data 
for these proving runs with water at seven different flow 
rates were correlated using the Dittus-Boelter equation 
(_2,_3) . The constant and the exponent of this equation were 
optimized with these data which resulted in the following 
correlation for single phase water flow :
23
0.4 0.860
( Nu / Pr ) = 0.0064 ( Re ) (22)
Equation (22) correlated our data with a maximum deviation 
of 12.7 percent. Figure 3 shows the agreement between 
Equation (22) and the data, and also shows the original 
Dittus-Boelter correlation.
Experimental Errors
Heat transfer measurements present unique difficulties
that need to be discussed. Accurate inside wall temperature
is difficult to obtain, and its accuracy is limited by the
accuracy of the sensor. In this investigation,
Copper/Constantan thermocouples were embedded into the wall
and were assumed to measure the inside wall temperature.
The thermocouples, along with the read-out device, had a
o
combined accuracy of 0.5 F. Since the heat transfer
coefficient is calculated from the difference in the bulk
fluid temperature and the wall temperature, and since ato
high flow rates this difference was as small as 4.5 F, a 
maximum error of ( 0.5/4.5 x 100 percent) = 11.0 percent
is possible.
Other major sources of error are in pressure drop and 
flow rate measurements. The manometer system used in the 
present set-up caused some problems. As can be seen from 
Figure 1, the U-tube manometer was mounted vertically upward 
at each end to prevent the coal particles from entering the 
manometer tubes. This configuration, however, allowed air
43
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to enter and accumulate in the manometer. The air 
accumulation may cause an error in measuring the pressure 
drop of up to 4 cm Hg. Considering the range of pressure 
drop data taken during the experiments, (between 13 to 43 cm 
Hg), a maximum error of up to 31 percent in the calculated 
friction factors is possible.
The error in flow rate measurement mainly depends on 
the length of time used to collect the sample. Since the 
accuracy of the Mettler PC 24 electronic balance used for 
weighing is + 0.005 gram and most flow rate data were taken 
in the time period between 5 to 10 seconds, then the error 
in flow rate data is in the range of 0.05 percent to 0.1 
percent.
Prediction of relevant physical properties
Physical properties of a coal water mixture play an 
important role in developing the heat transfer correlations. 
Some of these properties can be easily determined by 
weighted average of the individual components or can be 
measured easily. Slurry density, coal proximate analysis, 
and rheological indices are physical properties that have 
been measured and the measurement procedures are reported in 
Appendix C through E, and Appendix G contains various 
rheogram from viscometric measurement. Thermal conductivity 
and heat capacity of the slurry could not be determined 
easily and also are not available in the literature data 
book. The heat capacity of coal is needed to calculate
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mixture heat capacity as weighted average heat capacity. 
Heat capacity of coal, Cp, was calculated using Lee's 
equation (2^ )) which expresses Cp as a function of 
temperature and volatile matter, as follows :
-4 -3 -6
Cp = 0.17 + 1.1 10 T + (3.2 10 + 3.05 10 T) Vm (23)
The thermal conductivity of the slurry was calculated
from the individual thermal conductivities of the coal k ,c
and of water k , and the volume fraction of coal in the
1
slurry system x , using the following equation proposed by 
v
Tareef (14) :
2k + k 2x ( k - k )
1 c v i e
k = k -------------------------------------  (24)
s 1
2k + k  + x ( k - k )
1 c v i e
Equation (23) and (24), along with other relevant physical 
properties and experimental heat transfer data were used to 
develop heat transfer correlations.
Chapter V
RESULTS AND DISCUSSION
Before discussing the results of the experiments on 
slurry heat transfer rates, the measurement of slurry 
rheological properties and results from these measurements 
will be presented.
Slurry Rheological Properties
Rheological properties of slurries are important for 
correlating slurry heat transfer data. Rheological indices 
were measured for slurries at seven different coal 
concentrations that covered the entire range under
investigation. Rheograms for the slurries are shown in
Appendix G. Fluid consistency index * , and fluid behavior
index n, for the Power Law model were determined. The
slight yield stress that appeared in most of the rheograms 
suggested that a Power Law model with yield stress might 
better represent the rheological behavior of the slurry. 
The equations for the models are :
n
Power Law model without yield stress : x = A (r) n '
Power Law model with yield stress : T - x = A ' (r) (24)o
Parameters for both models were determined by regression 
analysis, using rheogram data for each slurry. For the 
model without yield stress, the values of n ranged between
27
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0.3122 and 0.6366 and the values of A ranged between
0.020143 and 0.67836. The parameter values for the Power
Law model with yield stress are : n' between 0.40 and 0.902,
2-n
A' between 0.0031 and 0.0644 lbm/ft-s , and x0 between 
0.00008 and 0.00034 lbf/ft . These values are tabulated 
in Table 3 and 4. It should be noted that these are 
empirical equations developed for specific experimental 
conditions and are used to calculate modified Reynolds 
and Prandtl numbers.
Slurry Heat Transfer
Heat transfer coefficients were calculated using data 
from 44 runs. As expected, experimental values of heat 
transfer coefficient increased with increasing slurry 
flow rate and decreased with increasing solid
concentration. The heat transfer coefficient for 
different coal slurries concentrations are plotted 
against slurry velocity in Figure 4 and 5, and the numerical 
values are tabulated in Appendix B.
The calculated experimental heat transfer coefficient 
values were correlated using the empirical Dittus-Boe1ter 
equation and the semi-theoretical correlation based on the 
analogy between heat and momentum transfer. In using the 
Dittus-Boelter equation, the exponent of the Prandtl number, 
c, was taken to be 0.4, since the variation in the value of 
Prandtl number is much smaller compared to that for Nusselt 
number and Reynolds number. A regression analysis was then
29
Table 3 Rheological Indices for Power Law Slurry Model
n
Power Law model: t = A (r)
Concentration Temperature A
o 2-n
n
( % wt ) ( F ) (lb/ft-s ) (dimensionless)
Beulah Coal:
10.83 63.5 0.1380 0.31
26.75 87.0 0.1865 0.35
37.20 76.0 0.0201 0.64
46.90 89.6 0.1098 0.56
Rosebud Coal:
26.18 71.6 0.0734 0.40
42.60 89.6 0.2390 0.37
52.84 78.8 0.6784 0.40
30
Table 4 Rheological Indices for Yield Power Law Slurry
Yield Power Law Model : T - T0 = X ' (r)
Concentration Tempera­
ture
o
T 0
2
X '
2-n
n
( % wt ) ( F) (lbf/ft ) (lb/ft-s ) dimensionless
Beulah Coal:
10.83 63.5 0.00009 0.0622 0.40
26.75 87.0 0.00026 0.0182 0.65
37.20 76.0 0.00009 0.0031 0.90
46.90 89.6 0.00034 0.0111 0.88
Rosebud Coal:
26.18 71.6 0.00009 0.0234 0.54
42.60 89.6 0.00034 0.0307 0.63
52.84 78.8 0.00034 0.0644 0.71
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used to estimate the best values for the exponent b, and the 
constant a, of Reynolds number. Thus the equation used is :
0.4 b
(Nu/Pr1 ) = a (Re')
Modified Prandtl number Pr1 and Reynold number Re' were 
calculated using Equations (4) and (5). The fluid behavior 
parameters were determined using the two non-Newtonian 
models; Power Law model and Yield Power Law model. In 
addition, the Thomas correlation described in Equation (8), 
was also used to calculate slurry viscosity and, hence, 
slurry Reynolds number. Thus, three different methods of 
correlating the slurry heat transfer data, using the 
dimensional approach, were used. In essence, the three 
methods differ by the way viscosity is determined.
The final proposed heat transfer coefficient correlation 
using the simple Power Law model is :
0.4 0.90
(Nu/Pr1 ) = 0.023 (Re1) (25)
with standard error of estimate of 24.6 percent and 
correlation coefficient of 0.95. The heat transfer 
correlation for the Power Law model with yield stress is:
0.4 0.99
(Nu/Pr' ) = 0.009 (Re') (26)
The standard error of estimate for this model is 23.5 
percent and the correlation coefficient is 0.95. The 
correlation developed using viscosity calculated from the 
Thomas equation is :
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0.4 1.040
(Nu/Pr ) = 0.004 (Re) (27)
This model predicted the data with a standard error of 
estimate of 31.2 percent and correlation coefficient of 
0 . 88 .
It should be noted that some of the modified Reynolds 
numbers calculated for the 52.84 percent slurry data are 
quite low, sometimes falling below 1000. However, Reynolds 
number calculated using Thomas equation were never below 
4800, implying the existence of turbulent flow for all data. 
Agreement between the correlations presented above with 
experimental data can be seen in Figures 6, 7 and 8 , while 
Figure 9 compares the proposed correlations with the general 
heat transfer correlation developed by Dittus-Boelter 
(Equation 1) and by Clapp (Equation 15).
Data analysis using the momentum and heat transfer 
analogy was carried out by first computing the value of the 
B function (function of Prandtl number) from Equation (17). 
The experimental values of B are plotted against the Prandtl 
number in Figures 10, 11 and 12. As when using the
dimensional approach, the Prandtl number was calculated 
using the generalized equation described in Equation (5) for 
the Power Law and Yield Power Law models, as well as using 
the Newtonian viscosity described in Equation (8).
Metzner and Friend (8^9^1_1) found the dimensionless B 
value to depend exponentially on the Prandtl number. In the
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present investigation the friction factor used in the 
correlation was calculated from pressure-drop measurements, 
instead of using the empirical equation used by Metzner and 
Friend. The plot of calculated B versus Prandtl number in 
logarithmic scale does not seem to indicate any relationship 
between B and the Prandtl number. In spite of this a 
regression analysis were performed to determine B as a 
function of Prandtl number, using the following equation:
m
B = g ( Pr ) (28)
This results in the following two correlations for Prandtl 
number calculated using the Power Law and Yield Power Law 
models :
-0.25
Power Law model : B = 1 . 8 6 ( P r ' )  (29)
with standard error of estimate of 38.9 percent and 
correlation coefficient of - 0.43.
-0.148
Yield Power Law model : B = 1.90 (Pr1) (30)
with standard error of estimate of 39.4 percent and 
correlation coefficient of - 0.24. When Prandtl number is 
calculated from viscosity estimated by the Thomas equation, 
the following relationship between B and Prandtl number 
results:
-0.33
B = 5.19 ( Pr ) (31)
Equation (31) has a standard error of estimate of 57 percent
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and correlation coefficient of - 0.29. An examination of 
Figure 12, showing a plot of B versus Prandtl number 
(calculated using Newtonian viscosity), indicate that a 
better linear relationship may be obtained if the 40 percent 
slurry (RSB-3), data are discarded. The resulting
correlation is:
-0.93
B = 24.54 ( Pr') (32)
Equation (32) has a correlation coefficient of -0.76 and the 
standard error of estimate of 35.6 percent. The final
correlation is then, gathered by inserting the B-function 
above into Equation (9).
Attempts have been made to improve the above three 
correlations using the Newitt correlation to determine the 
slurry friction factor. However, the Newitt correlation 
(Equation 20), which was developed for gravel and sand
slurries, gives a negative value for the difference between 
slurry and water friction factor (f - fw). This is
probably caused by the improper value of the drag
coefficient (= 0.6) that was used in this study.
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Calculated using Power Law Slurry Model.
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CONCLUSIONS AND RECOMMENDATIONS
Experimental heat transfer data for coal-water slurries 
have been correlated using a dimensional approach to obtain 
a Dittus-Boe1ter type correlation, and using an analogy 
between heat and momentum transfer to derive a correlation 
similar to that of Metzner and Friend . Both approaches 
require knowledge of relevant physical properties and fluid 
rheological behavior. The important physical properties for 
heat transfer correlation are : heat capacity Cp, and 
thermal conductivity k, which were predicted using Equation 
(23) and (24). Rheogram of slurries indicated that the 
slurries are non-Newtonian fluids, that can be characterized 
using the Power Law or Yield Power Law models. Using these 
two models in the heat transfer correlations led to
redefinition of Reynolds and Prandtl numbers, to account for 
the more complex rheology. The heat transfer correlations 
were also developed using empirical Newtonian viscosity. 
The following conclusions were drawn based on the above 
rheological models, and the approach used (dimensional or 
analogy) to correlate the experimental heat transfer data.
Conclusion :
1. Experimental heat transfer data for coal-water 
slurry flow has been correlated succesfully using
Chapter VI
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the dimensional approach to arrive at a Dittus- 
Boelter type equation.
2. Comparing the three correlations obtained using 
the dimensional approach indicated that 
correlations developed using the non-Newtonian 
model correlate the data better than the third 
correlation, which is based on the Newtonian 
viscosity. Moreover, the performance of the two 
non-Newtonian models in predicting slurry heat 
transfer data were not significantly different. 
Thus, the heat transfer correlation developed using 
the simple Power Law model is proposed. The 
correlation is in the following form :
0.4 0.90
( Nu / Pr' ) = 0.023 ( Re' )
with a standard error of estimate of 24.6 percent 
and correlation coefficient of 0.95.
3. The convective heat transfer coefficient can be 
found from the proposed correlations with a 
knowledge of*fluid rheological data (Equation 25 
and 26) or by using the empirical Newtonian 
viscosity (Equation 27).
4. The data gathered in this work did not indicate any 
relationship between the B-factor (used in the 
analogy between heat and momentum transfer) and 
Prandtl number.
5. However, when viscosity was calculated using Thomas
46
equation (Equation 8) an exponential relationship 
between B-factor and Prandtl number was discernable 
if high concentration ( 53.84 weight percent)
slurry data were discarded.
Recommendation
1. Further data on heat transfer using wider range of 
coal type, particle size, concentration and pipe 
diameter are needed to obtain general heat transfer 
coefficient.
2. It would be important also to study the effect of 
possible solid liquid flow pattern on the heat 
transfer, by measuring the temperature profile 
variations around the pipe.
3. Care should be given in using the analogy between 
heat and momentum transfer by in-situ pressure drop 
data, since there may exist a complex relation 
between the friction factor and the pressure drop.
4. Examine further the applicability of the 
dimensionless temperature ©m, and the dimensionless 
velocity (j)m, values that were used in the Metzner 
and Friend correlation for coal water slurry 
system.
Improved measurement technique for slurry flow 
pressure drop gradient is needed.
5.
A P P E N D I C E S
APPENDIX A
Experimental Data 
Table 5 Experimental Data
o
Temperature Readings ( F )
No. Fluid Flow rate 
(g/sec.)
A P
(cm Hg)
Bulk
in out 1
Pipe
2
wall 
3 4 5
1 BEU-1 375 40.5 61. 5 66 66 69 69 66 70
2 346 34.5 58 63 62 66 67 63 67
3 330 27.5 57 63 62 66 66 63 67
4 306 20 57 63 62 66 67 63 68
5 255 15.5 56 63 62 66 67 64 69
6 292 10 57 63 62 66 66 63 67
7 BEU-2 400 44.5 82 89 88 96 92 88 94
8 348 40 82 90 88 97 94 89 95
9 345 35 84 91 90 99 96 91 96
10 299 30 83 92 91 99 97 91 97
11 275 25 84 93 92 100 99 93 99
12 232 20 83 94 94 100 102 95 102
13 197 15.5 82 95 95 101 104 96 103
14 153 10 80 95 100 101 109 102 107
15 BEU-3 359 36.2 78 83 84 86 86 83 87
16 346 33.2 74 80 80 82 83 80 84
17 331 28.4 71 77 77 80 81 77 82
18 306 24.2 70 77 77 79 81 77 82
19 292 28.2 69 76 76 79 80 77 81
20 286 14.7 68 75 75 78 79 75 80
21 261 10.7 68 75 75 78 80 77 81
22 252 9.7 69 76. 5 77 79 82 79 83
23 BEU-4 349 37.8 72 83. 5 85 87 93 85 93
24 333 35.3 71 83 85 87 93 86 94
25 309 24.8 72 85 88 89 96 89 97
26 302 18.8 73 86 90 89 99 91 99
27 286 16.8 74 88 93 91 102 93 102
28 259 12.3 74 89 99 96 109 99 107
29 RSB-1 337 33.5 63 .5 75 73 93 83 74 84
30 326 30.5 62 75 72 92 83 74 84
31 283 22.5 61 75 73 93 84 75 86
32 252 10.5 60 76 73 93 86 76 88
33 221 5.5 60 79 75 95 91 80 92
34 RSB-2 404 37 86 97 95 118 105 97 107
35 376 32 81 93 91 114 103 104 93
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Table 5 (Continued)
o
Temperature readings ( F)
No. Fluid Flow rate 
(g/sec.)
A P 
(cm Hg)
Bulk
in out 1
Pipe
2
wall
3 4 5
36 355 28 80 93 91 113 103 93 104
37 302 17.5 80 95 96 116 109 97 109
38 278 12 79 96 100 116 114 99 113
39 251 8 79 97 101 115 116 103 115
40 RSB-3 351 38.5 73 87 97 102 109 96 105
41 309 28.5 69 85 103 124 138 140 132
42 276 24.5 73 91 116 131 151 157 167
43 251 25 79 97 108 115 124 106 119
44 199 16 71 95 130 148 177 183 202
Note:
Temperature readings were taken every 5 minutes and the 
final readings were taken when the readings give constant 
value for at least 15 minutes.
APPENDIX B
Heat Transfer Coefficients for Various Slurries
Table 6 Individual and Average Local Heat Transfer 
Coefficients for Various Slurries and Velocities
No. Fluid Velocity local heat transfer coefficient
2 o
(ft/s) along the pipe, h (Btu/ft -s- F)
1 2 3 4 5 average
1. BEU-1 13.18 0.857 0.5933 0.6599 1.6454 0.7697 0.90512. 12.16 0.9987 0.5750 0.5500 1.5181 0.7745 0.88333 . 11.59 0.9125 0.5934 0.6703 1.4478 0.8550 0.8958
4. 10.72 0.8376 0.5447 0.5330 1.3290 0.6558 0.7800
5. 8.96 0.8226 0.4870 0.4858 0.8702 0.5393 0.64106. 10.26 0.8074 0.5250 0.5931 1.2811 0.7566 0.7927
7. BEU-2 13.66 0.9457 0.4493 0.7662 2.1638 0.9392 1.05288. 11.88 0.9470 0.4215 0.6225 1.7929 0.8352 0.92389. 11.78 0.8158 0.3579 0.5151 1.3332 0.7454 0.7535
10. 10.21 0.6806 0.3857 0.5088 1.4856 0.7855 0.7692
11. 9.39 0.6260 0.3550 0.4263 1.0628 0.6276 0.6195
12. 7.93 0.4670 0.3543 0.3429 0.7587 0.4941 0.4834
13. 6.73 0.3965 0.3222 0.2992 0.6598 0.4786 0.4313
14. 5.23 0.2286 0.2640 0.1954 0.3058 0.3017 0.2591
15.BEU-3 11.99 0.5440 0.4781 0.5348 1.2621 0.6439 0.6926
16. 11.56 0.6333 0.5772 0.5629 1.2160 0.7181 0.7415
17. 11.05 0.6657 0.4766 0.4664 1.1629 0.5738 0.6571
18. 10.22 0.5599 0.5344 0.4668 1.0750 0.6010 0.6474
19 . 9.75 0.5342 0.4465 0.4454 0.7977 0.5735 0.5595
20. 9.11 0.5232 0.4373 0.4362 1.0045 0.5616 0.5926
21. 8.71 0.4774 0.3990 0.3541 0.5833 0.4419 0.4512
22 . 8.41 0.4311 0.4202 0.3370 0.5311 0.4229 0.4284
23. BEU-4 11.43 0.5109 0.5439 0.3962 0.8837 0.5538 0.5777
24. 10.90 0.4218 0.5046 0.3761 0.7087 0.4847 0.5092
25. 10.11 0.4143 0.4800 0.3459 0.6108 0.4473 0.4597
26. 9.89 0.3804 0.5072 0.3052 0.5451 0.4087 0.429327. 9.37 0.3468 0.4890 0.2891 0.5329 0.3871 0.4090
28 . 8.48 0.2543 0.3486 0.2162 0.3546 0.2998 0.2947
29. RSB-1 11.13 0.8289 0.2851 0.5108 1.5775 0.6769 0.775930. 10.76 0.8643 0.3108 0.5273 1.4898 0.7226 0.7829
31. 9.34 0.6696 0.2728 0.4474 1.0943 0.5666 0.6101
32. 8.32 0.6307 0.2733 0.4043 0.9744 0.5239 0.5613
33. 7.30 0.5701 0.2735 0.3527 0.7732 0.4944 0.4928
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Table 6 (Continued)
No. Fluid Velocity local heat transfer coefficient
2 o
(ft/s) along' the pipe, h (Btu/ft -s- F)
1 2 3 4 5 average
34. RSB-2 12.63 0.8624 0.2553 0.5134 1.3422 0.6162 0.7179
35. 11.75 0.7869 0.2527 0.4417 0.4406 3.4680 1.0778
36. 11.10 0.7310 0.2609 0.4368 1.1787 0.5743 0.6364
37. 9.44 0.5048 0.2365 0.3242 0.7917 0.4504 0.4615
38. 8.69 0.3744 0.2352 0.2713 0.6481 0.3720 0.3802
39 . 7.85 0.2653 0.2424 0.2004 0.4168 0.2972 0.2844
40. RSB-3 10.57 0.3116 0.2913 0.2425 0.4565 0.3560 0.3316
41. 9.72 0.2011 0.1766 0.1198 0.1635 0.1059 0.1414
42. 9.30 0.2202 0.1454 0.1179 0.1166 0.1473 0.1494
43. 8.31 0.1747 0.1395 0.1049 0.0985 0.0932 0.1222
44. 5.99 0.1224 0.1011 0.0741 0.0710 0.0638 0.0865
APPENDIX C
This procedure follows the standard ASTM method D-3173 
(21) .
1. Approximately 1 gram of sample is weighed in a porcelain 
crucible with cover.
2. After removing the cover, the crucible with a sample iso
guickly placed in a preheated oven at 105 C.
3. After one hour, the sample is put in desiccator for 
about 10 to 15 minutes, or until it is cool down.
4. The dried sample is then weighed with analytical 
balance.
5. The moisture content of coal is determined by the 
following calculation :
Moisture, % =  [( A - B ) / A] x 100
Determination of Moisture Content
where :
A = grams of sample used 
B = grams of sample after heating.
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APPENDIX D
The following procedure follows the standard ASTM method 
D-3175 (22).
1. Approximately 1 gr of sample is weighed in a weighed 
porcelain crucible with cover.
2. The sample and crucible is placed in a furnace
o
maintained at a temperature of 950 C.
3. The crucible is removed from the furnace after 7 minutes 
of heating, and is allowed to cool without disturbing 
the cover.
4. The crucible is weighed as soon as it gets cold. The
percentage of volatile matter is calculated by
subtracting the percentage of moisture to the percentage 
of total weight loss. It is performed by the following 
calculation :
weight loss, % = [( A - B )/ A ] x 100 
where :
A = weight of sample used, gram 
B = weight of sample after heating, gram
Volatile matter in analysis sample, % = C - D
where :
C = weight loss, % and 
D = moisture content, %
Determination of Volatile Matter in Coal
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APPENDIX E
Density of coal was calculated by measuring the volume 
of fluid replaced by a certain amount of coal particles, 
following the Archimedes principle. The following 
procedures were followed :
1. Approximately 1 gr of sample is weighed.
2. 5 ml of Methanol is taken using micro burrette, and is 
placed in a 10 ml measuring flask.
3. The coal particle sample in (1) is then poured to the 
measuring flask that contained Methanol, and the 
increase in volume is recorded.
4. The density of coal is determined by the following 
equation :
density of coal, gr/cc = [ W / V ]
where :
W = weight of coal sample
V = volume increase in the flask after pouring the coal 
sample.
Determination of Coal Density
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APPENDIX F
Sample Calculations
Bulk temperature prediction along the pipe:
By assuming linear increase between bulk inlet and 
outlet temperature, we can write the following equation :
( L - y ) Tb in + ( y ) Tb out
Tw = ----------------------------------  (F.l)
L
where :
L = pipe length ( = 100 inch.)
y = distance of thermocouple probe from pipe inlet
For thermocouple 1, y = 4 inch., and using experimental data
no.l of BEU-1, we get :
o o
Tb in = 61.5 F Tb out = 6 6  F
Inserting these values into Equation (F.l) above :
o
Tw = [( 100 - 4 ) 61.5 + 4 ( 66 )3/100 = 61.68 F
this wall temperature data were then used as basis to 
calculate all relevant physical properties of fluid at the 
wall.
Heat Capacity (Cp) :
As mentioned before, heat capacity of coal was 
determined as weighted average heat capacity of coal and 
water. This can be represented by the following equation :
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Cp = Cp . W + Cp ( 1 - W ) (F . 2)
s e e  w c
where, W is slurry solid content and subscript s, c, and w 
c
refer to slurry, coal and water.
The heat capacity of coal was calculated by Equation 
(23) which is rewritten below :
Cp = 0.17 + 1.1E-4 T + (3.2E-3 + 3.05 E-6 T) V
c m
o
inserting T = Tw = 61.68 F, and Vm = 35.43 (see Table 1) :
Cp = 0.17 + 1.1E-4 (61.68) + (3.2E-3+ 3.05E-6 . 61.68) 35.43 
c o
= 0.2968 Btu/lb- F
o o
and taking Cp (61.68 F) = 0.9991 Btu/lb- F the heat 
w
capacity of slurry is found to be :
Cp = 0.2968 (0.1087) + 0.9991 (1-0.1087)
s o
= 0.9229 Btu/lb F
Density :
As in the case of heat capacity, density of slurry was 
calculated as weighted average of individual components, by 
the following equation :
1
R = -------------------------  (F . 3)
s (W /R ) + (1-W )/R
c c c l
Density of water, R (at 61.68 oF) = 0.9989 gr/cc or 62.36
1
lb/cuft . Density of coal particle was determined according 
to the method presented in Appendix E , and the values are
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tabulated in Table 1. This value is taken to
over the experimental temperature range.
For Beulah coal (BEU) R = 76.8 lb/cuft,
c
density is :
be constant
hence slurry
R s
1
(0.1087/76.8) + (1-0.1087)762.36
= 63.66 lb/cuft.
Thermal Conductivity :
As mentioned in Chapter IV, thermal conductivity of the
slurries were calculated using Tareef's relation in
Equation (24), which requires the knowledge of the thermal
conductivity of water and solid particle, as well as its
volume fraction. The thermal conductivity of water, k at a1
temperature Tw, was determined using the following 
interpolation equation :
( Tw - 32 ) 0.393 - ( Tw - 200 ) 0.343
k = ----------------------------------------- (F . 4)
1 ( 200 - 32 )
The above equation was gathered from the following data : 
o
T ( F ) 32 200
2 o
k (Btu/hr-ft - F/ft) 0.343 0.393
1
thus :
(61.68 - 32)0.393 - (61.68 - 200)0.343
2 o
k = ---------------------------------------Btu/s-ft - F/ft
1 168 x 3600
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= 0.0000977 Btu/s ft - F/ft.
Thermal conductivity of coal, k is taken to be constant at
2 o c
0.00004 Btu/s-ft - F/ft.
The volume fraction x was calculated using coal content
v
and density by the following relation :
( W /R ) 
c c
x = ------------------------  (F.5)
v
( W /R ) + (1-W )/R
c c c w
and, by inserting th.e relevant values from the previous 
calculation we arrive at :
2 o
(0.1087/76.8)
x = -------------------------------------
v (0.1087/76.8) + (1-0.1087)/6 2.2473
= 0.08995 .
Hence, with the knowledge of the above values of k ,k and
1 c
x we can calculate thermal conductivity for the slurry 
v
system using Tareef1s equation, which is rewritten below :
2 k  + k - 2 x ( k  - k )
1 c v i e
k = k ----------------------------------------
s 1
2 k + k - x ( k - k )
1 c v i e
and, after substituting k ,k and x into the above equation
1 w v
the thermal conductivity of slurry, k was found to be
2 o s
0.0000914 Btu/s-ft - F/ft.
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Heat Transfer Coefficient:
Finally the convective heat transfer coefficient was 
calculated by Equation (21):
M Cp ( Tb out - Tb in ) = h A ( Tw - Tbw )
where :
A = overall pipe wall area
= phi x D x L
i 2
= (3.14 x 0.035433 x 100/12) ft 
2
= 0.927165 ft
M = mass flow rate = 375 gr/sec or 0.8267 lb/sec. 
Therefore h can be found as :
h
o o
0.8267 lb/s x 0.9229 Btu/lb F x (61 - 61.5) F
2 o
0.9272 ft x (66 - 61.68) F 
2 o
= 0.8570 (Btu/s-ft - F).
The above calculation was repeated for all location along 
the pipe and the average value were taken to be correlated 
with the dimensionless Reynolds and Prandtl number. These 
numbers were calculated with previously determined relevant 
properties and fluid rheological index, as explained in 
Equation (4) and (5).
Momentum and Heat Transfer Analogy :
The momentum and heat transfer correlation was developed 
by first calculating the value of B (see Equation 9) based 
on the experimental heat transfer coeficient value. This is
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represented by the dimensionless Stanton number, Nst. 
Friction factor was calculated from the experimental 
pressure drop data with liquid density and velocity 
calculated as bulk average values. The following is the 
procedure for calculation of the friction and B-factor.
Friction factor :
2
f = 0.5 ( D / R V ) ( A P/L )
i s
where the pressure gradient P/L was calculated from the 
mercury manometer reading as follow :
A P / L
2
40.5 cm Hg x 1/76 atm/cm Hg x 2116.3 (lb/ft )/atm
( 100 /12 ) ft 
2
= 1,127.765 (lb/ft )/ft
This value was used to calculate friction factor using the 
above equation :
f
0.035433
2
63.648 x 13.178
0.006986 .
1127.765 x 32.2 ----------------)
100/12
B - factor :
Rearrangement of Equation (18) give the following 
explicit equation for B :
[( f / 2 ) / ( Nst )] - 1.2
B = ---------------------------------
0.5
( Pr - 1 ) ( f / 2 )
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where :
Nst = Stanton number = h / [ ( Cp G ) ] was calculated using
average local heat transfer coefficient from all five
2 o
location along the pipe ( h avg. = 0.9051 Btu/Ft -s- F ) . 
This gives Stanton number, Nst = 0.001169. So, B can be 
found as :
B
[ ( 0.006986/2 ) / ( 0.001169 )]
0.5
( 25. 09409 - 1 ) ( 0.006986 )
= 1.256 (dimensionless).
The calculated B value were plotted against Prandtl number 
in Figure 10, 11, and 12. Equation (28), (29) and (30) 
indicated the regression result of B as a function of 
Prandtl number, calculated using Power Law, Yield Power Law 
or Newtonian viscosity respectively.
APPENDIX G
Rheograms of Various Coal Water Slurries
Rheogram of various concentrations of coal water 
slurries were gathered using the Haake RV- 100 , Rotational 
Viscometer, operated at the temperature similar to the bulk 
average temperature during the actual heat transfer 
measurement.
The rheograms show an exponential increase in shear 
stress as shear rate increase. This trend was analyzed 
using the simple exponential relation with the Power Law 
model, and the Yield Power Law model by considering the 
initial stress needed to start the flow. The rheograms of 
various slurries and concentrations is given in this 
appendix in Figures 13 through 19.
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Figure 13: Shear Stress - Shear Rate Relationship for 10.83 % (wt)
Beulah Coal Slurry (BEU-1).
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Figure 14: Shear Stress - Shear Rate Relationship for 26.75 % (wt)
Beulah Coal Slurry (BEU-2)
ROTOVISCO RV-100 FLOW CURVE HAAKFRH IlCIHIfl FF'
: Shear Stress - Shear Rate Relationship for 37.20 % (wt)
Beulah Coal Slurry (BEU-3).Figure 15
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HAAKE BUCHLER INSTRUMENTS. INC
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Figure 16: Shear Stress - Shear Rate Relationship for 46.90 % (wt)
Beulah Coal Slurry (BEU-4).
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: Shear Stress - Shear Rate Relationship for 26.18
Rosebud Coal Slurry (RSB-1).Figure 17
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Figure 18: Shear Stress - Shear Rate Relationship for 42.60 %
Rosebud Coal Slurry (RSB-2).
(wt)
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Figure 19: Shear Stress - Shear Rate Relationship for 52.84 % (wt)
Rosebud Coal Slurry (RSB-3).
APPENDIX H
A
NOMENCLATURE
2
: Overall pipe wall area (=ft )
a ,b ,c : parameters in Dittus-Boelter Equation
B : Factor in Metzner and Friend Correlation that is 
a function of Prandtl number
C : Volume fraction of solid in a slurry system
o
Cp : Heat Capacity (=Btu/lb- F)
D : Pipe diameter
f : Pipe friction factor (dimensionless)
g,m : Parameter in B-factor 2 o
h : Heat transfer coefficient (=Btu/s-ft - F)2
i : Pressure Gradient (=lb/ft /ft) 2 o
k : Thermal Conductivity (=Btu/s-ft - F/ft)
n , n 1 : Flow Behavior Index for Power Law and Yield Power 
Law model (=dimensionless)
Nst : Stanton number (=dimensionless)
Nu : Nusselt number (=dimensionless)
Pr, Pr' : Prandtl number and Modified Prandtl number
R : Density (=lb/cuft)
r : Rate of Shear (=l/sec.)
Re , Re 1 : Reynolds number and Modified Reynolds number 
(=dimensionless)
s : Ratio of solid specific gravity and water 
specific gravity 
o
T : Temperature ( F)
Tb : Bulk temperature
Tbw : Bulk temperature adjacent to the pipe wall
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Tc Centerline temperature
Ti Inlet temperature
To Outlet temperature
Tw Pipe wall temperature
U Maximum velocity
u Viscosity (=lb/ft-s)
V Fluid velocity (=ft/s)
Vm Moisture content of coal
X Slurry volume fraction
Greeks Letter
A P : Pressure Drop (=cm Hg) 2-n
X • Fluid Consistency Index (=lbm/ft-s )
-Om • Dimensionless Temperature, (Tb-Tw)/ (Tc-Tw)
-e- 3 • Dimensionless Velocity, (V/U)2
: Shear Stress (=lbf/ft )
Subscript
c : coal
i : inside
1 : water
r : relative
s : slurry
V : bulk
vb sedimented suspension
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